All chemical reactions are accompanied by changes in heat, most of which are large enough to be measured by modern calorimeters.
The amount of heat that is either released (exothermic process) or absorbed (endothermic process) during a chemical reaction at constant pressure is a function of the concentration of the reactants and of the change of enthalpy (All). The general form of the equation that expresses the relation between quantity of heat Qthat is measured during a reaction and the amount of substance R that reacts is
The enthalpy, or heat content, is a thermodynamic function and the value of All for a chemical reaction is The value of All is independent of the reaction path. For the following three hypothetical reaction mechanisms A+B+3E
the enthalpy change is given by AHf#{176}, AHf#{176}, and
AHf.
It is not affected by the nature of the intermediate products C, D, F, and G. The value of All, which is the same for all three reaction sequences, can be calculated according to the following equation
The unit of AH is cal/mole,3 and the value is negative for exothermic reactions and positive for endothermic reactions. For a given chemical reaction that is carried out under defined conditions (temperature, buffer, etc.) the value of All is constant and the heat of reaction is a direct measure related to the concentration of reactants. The All of any reaction can be calculated if the stoichiometry of the reaction is established and the appropriate heats of formation are known. There are two basic designs of calorimeters. In the adiabatic calorimeter no exchange of heat occurs between the reaction vessel and its surroundings. A change in heat is measured quantitatively as the change in temperature inside the reaction vessel. In the heatconduction calorimeter, heat is transferred quantitatively from the reaction vessel to constant-temperature surroundings.
Heat is transferred through a heat measuring device, and the heat flow from or to the reaction vessel is measured. In practice it is not possible to build true adiabatic or heat-conduction calorimeters in which no heat losses occur. Most of the calorimeters that are used today combine design concepts from both the adiabatic and heat-conduction approaches. Detailed descriptions of different types of calorimeter for use in analytical studies of biochemical and biological systems have been published (3, 4) . Applications of these cab-K, the calibration constant of the calorimeter, is used to correct for the heat that has not been transferred through the thermopiles and the residual heat that has not been transferred from the reaction vessel to the heat sink. The value of K is determined experimentally, ei- 
or Q=KfVdt (6) rimeters is in the range of microcalories. The instruments can be used to measure heat changes that take place in solutions of micromolar concentrations. Thus the term "microcalorimeter" refers to the sensitivity of the instrument.
The time constants of these calorimeters can range from 35 to 400 s.
The chemical reaction in the reaction vessel is started by mixing the reactants. In batch-type calorimeters the reaction vessel usually has two compartments and mixing is done by mechanically rotating the vessel. Flow-type calorimeters have a reaction vessel into which the reactants are introduced by flow through two separate lines. In both cases reactants first must be equilibrated thermally at the temperature of the heat sink to avoid heat effects due to physical cooling or warming of the cell. The time required for equilibration of the reactants can be shortened by pre-equilibration of the batch reaction vessel in a separate compartment or, in the case of the flow calorimeters, by flow of the solutions through a built-in thermostated compartment. Other nonspecific heat effects arise from friction of flowing solutions and mechanical mixing, dilutions, and evaporations, and corrections must be made by measuring the "blank,"
i.e., the heat not attributable to the reaction itself.
Application
Calorimeters can be used to measure the total heat change or the change of heat per unit of time. In the case of an ideal calorimeter with neither heat loss nor time lag in heat sensing, the thermogram would truly represent the heat output as it occurs inside the reaction vessel. The measured change of heat as a function of time would be equal to the real change of heat per unit of time, and therefore the rate of the measured process can be determined.
The reconstruction by computer program of such an "ideal thermogram"
(called a thermogenesis curve) from the recorded voltage-time data has been accomplished for the Prosen-Berger batch micro-biocalorimeter (Thermonetics Corp., P.O. Box 9112, San Diego, Calif. 92109) (6) . The computer-simulated output of the ideal calorimeter can be used for kinetic calorimetric measurements.
As will be shown later, this approach is also a better one for measuring total heat changes.
The calorimetric analysis of compounds in a complex system can be performed only if the specificity of the analytical steps that will be measured is assured. In the case of biological specimens, specificity of the reaction can be achieved with the use of enzymes. Thus, it is possible to calorimetrically determine substrates for which specific enzymes are available. The activity of enzymes may be determined also by kinetic calorimetric assays.
Calorimetric

Measurement of Metabolites
Currently, most routine tests in a clinical chemistry laboratory are performed spectrophotometrically.
Even though there is a strong trend to replace the less-specific color reactions with enzymic reactions, the spectro- values of All is important, because it implies that calorimetric analyses can be done despite the unavailability of primary standards.
Even though it has been shown that calorimetry is comparable in accuracy and sensitivity to other analytical procedures (10) (11) (12) , it cannot compete with other techniques in the clinical laboratory because it isso slow. A typical thermogram and thermogenesis curve ( Figure  3 
Kinetic Calorimetric Measurements
The calorimetric measurement of enzyme activity is based on measurement of heat change per minute, which is a direct measure of the amount of substrate that is enzymically transformed per minute and thus a direct measure of enzyme activity in international (IUB) units. As already pointed out, the rate of the measured process affects the shape of a thermogram. 
The reaction utilizes a proton, which is provided by a buffer. The heat change due to deprotonization of buffer will therefore contribute to the AH value of enzymic reaction 9, i.e., All = All1 + All2. The assay can be carried out either in tris(hydroxymethyl)methylamine or phosphate buffer, both of which absorb heat on deprotonization and therefore have a negative effect on the final heat of reaction. The value of All, determined experimentally at 30#{176}C, was found to be -3.67 kcal/mol for tris(hydroxymethyl)methylamine buffer and -11.31 kcal/mol for phosphate buffer. Thus, the choice of buffer can greatly affect the sensitivity of calorimetric measurements.
The value of All1 can be calculated by using the appropriate All and All2 values (All1 = All -All2) as shown in Table 1 . The ability of calorimetry to measure an overall process can be utilized for differentiation of two simultaneous or sequential reactions that proceed at different rates. The coupling of two enzymic reactions, one of which proceeds rapidly and the other slowly and is rate limiting, allows simultaneous measurement of The rate of hydrolysis is determined from the slope of the linear part of the thermogenesis curve (7-9 mm, broken line). The amount of free cholesterol is determined by subtracting from the measured heat the heat produced by hy. drolysis two analytes. We have used this approach to measure free cholesterol and cholesterol ester calorimetrically (7) . Representative thermograms of the assay are shown in Figure 6 . The concentration of cholesterol ester was determined from the rate of the slow enzymic hydrolysis reaction, while the amount of free cholesterol was measured from the total heat that was evolved through the fast enzymic oxidation reaction. The two reactions are resolved by a computer program by use of the thermogenesis data. Using this same approach, we have also measured total lactate dehydrogenase activity and the activity after inhibition of lactate dehydrogenase H type isoenzyme (14) . The degree of inhibition, which depends on the amount of H-type isoenzyme present, can be used to estimate the ratio of H-to M-type iso-
enzymes in serum.
Although calorimetry of the results of enzyme activ- (8) ity, especially when only the initial reaction rate is measured, requires less time than measurement of substrates, the throughput is still inadequate for routine application. However, kinetic calorimetry can be used to measure the activity of some enzymes that are associated with inborn metabolic disorders, to measure tissue-bound and cellular enzymes, and, of course, to measure enzymes in specimens (such as feces, duodenal fluid, gastric fluid) that cannot be assayed by other routine techniques without extensive sample preparation. Furthermore, the ability of calorimetry to measure simultaneously the total heat and the heat changes as a function of time can be utilized for monitoring the purity and stability of reagents that are used for clinical assays.
Other Applications
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